Key oxidation parameters that influence photo-induced properties and applications of anodic titanium oxides by Piazza, Valerio et al.
Journal of The Electrochemical Society, 163 (2) H119-H127 (2016) H119
Key Oxidation Parameters that Influence Photo-Induced
Properties and Applications of Anodic Titanium Oxides
Valerio Piazza,a,b Anca Mazare,b,∗ Maria Vittoria Diamanti,a MariaPia Pedeferri,a
and Patrik Schmukib,∗∗,z
aPolitecnico di Milano, Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”,
20131 Milan, Italy
bDepartment of Materials Science WW4-LKO, University of Erlangen-Nuremberg, 91058 Erlangen, Germany
In the present work we investigate compact anodic oxides formed on titanium by a broad range of anodizing parameters (electrolyte,
applied voltage, substrate pre-treatment) and their influence on the performance of such oxides in photocurrent response and
photocatalytic properties (photodegradation of AO7). In general, crystallinity and ion inclusion from the electrolyte are crucial.
As-grown compact layers of partial crystallinity show increased efficiencies in both applications; interestingly, phosphate ions have
a detrimental effect, whereas sulfate ions do not. After thermal annealing (crystallization) the photoresponse significantly increases:
except for a crystallization of the anodic layer, annealing causes a rutile oxide layer growth at the oxide/metal interface - this is found
to additionally affect the photoresponse. Results overall demonstrate that higher anodization voltage, exclusion of phosphates from
the electrolyte, substrate pre-treatment and annealing are of major importance for achieving an enhanced photoresponse on compact
anodic layers.
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Anodic oxidation of Ti has been widely studied for the formation of
thin compact layers, from 10 to a few hundred nm thick.1–4 Depending
on the anodic oxidation conditions, growth kinetics can be controlled
leading to thinner or thicker layers and in specific conditions oxide
crystallization may also occur – for an overview see Vanhumbeeck
and Proost5 or Diamanti et al.4,6 Briefly:
1. the most commonly used electrolytes for Ti are phosphoric and
sulfuric acids (different degrees of dilution), ammonium sulfate
and other inorganic salts;
2. use of low voltages (1–130 V) leads to a smooth, amorphous oxide
3–200 nm thick while high potentials (100–250 V) combined
with high current densities are parameters used in anodic spark
deposition (ASD), where the oxide thickness can be from few to
hundreds of μm.
Due to the establishment of an electric arc, oxide layers grown
by ASD have surface features with a glassy appearance and show
the presence of holes where each arc was generated. The process
locally melts the oxide, allowing ions present in the electrolyte to be
incorporated in the oxide.7,8
By anodic oxidation under specific conditions (fluoride containing
electrolytes), nanostructured electrodes with one dimensional archi-
tectures (nanopores, nanotubes) can also be obtained – these features
generally lead to enhanced photoelectrochemical properties (higher
surface-to-volume ratio, and directional shape).9–11 Overall, anodic
oxidation enables control over the morphology, thickness, chemical
and structural composition of the growing oxide layer through the
used electrochemical parameters.3,4,9,12
One of the key features of TiO2 is its use as semiconductor mate-
rial in photoelectrochemical reactions for the conversion of solar en-
ergy into electrical and chemical energy9,11,13,14 that can be used e.g.
for self-cleaning,15,16 pollutant degradation,17 dye-sensitized solar-
cells14 and so on. Compared to other semiconductive materials, TiO2
(anatase) has a very high chemical stability, a bandgap of 3.2 eV and
possesses suitable band edge positions for reactions with an aqueous
environment. For TiO2, the photoefficiency generally depends on crys-
tallinity, with the presence of either anatase, or rutile, or a combination
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of the two. For compact layers, as a function of anodic oxidation condi-
tions the crystallinity can be either: a) locally induced by using a high
voltage (ASD), leading to anatase TiO2 nanocrystals into an amor-
phous oxide;18–24 or b) induced by further thermal annealing at tem-
peratures ranging from 350◦C to 650◦C, when the amorphous/partially
crystalline oxides are completely converted to crystalline ones.9,24 As
previously mentioned, high voltage anodic oxidation techniques lead
to specific surface features with sub-micrometric porosity and it is
characterized by the appearance of craters due to the dielectric break-
down of the anodic films during oxide formation.20,22,24
There is an extensive amount of research focused on tuning mor-
phology, crystallinity and chemical composition of anodic compact
layers,3,5,23–26 as well as on their photoinduced properties as photo-
electrochemical water splitting and photocurrent production27–31 or
photodegradation of organic dyes (acid-orange 7 – AO7, methylene
blue – ME, Rhodamine B – RhB, etc.).32–38 Nevertheless, an overview
of the key parameters affecting photoresponse of compact layers is
not straightforward, due to the large range of different anodizing con-
ditions reported (i.e. electrolyte, potentiostatic or galvanostatic mode,
sample pre-treatment and many more).
Therefore, in the present work we examine and establish the key
parameters of compact layers that enhance photoinduced properties,
which are examined in terms of photocurrent response and pho-
todegradation of AO7. In this respect, we investigate the applied po-
tential, electrolyte composition, substrate pre-treatment (as delivered
or polishing), incorporation of ions from electrolyte (sulfate or phos-
phate ions) and crystallinity of annealed layers (presence of anatase
or rutile).
Experimental
Oxides production.— Anodic oxidation was performed on Ti
sheets (99.6% purity, Advent Materials, UK) 0.1 mm thick and 2
mm thick (for substrate pre-treated samples). The first set of samples
was prepared in 1 M H2SO4 and 1 M H3PO4 at different voltages,
with and without grinding and polishing treatment on the metallic
substrate (grinding with SiC paper, 4000 grit followed by polishing
with Mastermet:H2O2 volume ratio of 2:1) – as indicated in Table
I. All the substrates were washed in ethanol, rinsed with water and
dried in a nitrogen stream before anodizing. Anodic oxidation was
carried out in O-ring cell, exposing 1 cm2 of the Ti working elec-
trode to the electrolyte in a two electrode setup with a Pt cathode, in
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.175.55.34Downloaded on 2016-01-14 to IP 
H120 Journal of The Electrochemical Society, 163 (2) H119-H127 (2016)
Table I. Anodic conditions for growing compact oxide layers.
Name Electrolyte Substrate pre-treatment Applied voltage (Ufin)
S1 1 M H2SO4 - 20
S2 - 50
S3 - 90
S4 Mechanical polishing 50
S5 Mechanical polishing 90
P1 1 M H3PO4 - 20
P2 - 50
P3 - 90
P4 Mechanical polishing 50
P5 Mechanical polishing 90
potentiodynamic mode (potential ramp 100 mV/s) followed by poten-
tiostatic step at the final voltage Ufin for 15 minutes. I-t curves were
recorded during the process. After anodizing, samples were rinsed
with water and dried in a nitrogen flow.
Oxides structure and composition.— To characterize the struc-
tures, a field emission scanning electron microscope (FE-SEM Hitachi
4800) was used for the morphological analysis of the oxide layers.
The color of samples was analyzed by a Minolta CM-2600d spec-
trophotometer, and values were elaborated by applying the CIELAB
system, obtaining reflectance curves: this method allowed the evalua-
tion of the oxide layer thickness by applying Bragg’s law and Snell’s
law, as described in previous works.39 Chemical composition was
measured by X-ray photoelectron spectroscopy (XPS, Physical Elec-
tronics 5600) using AlKα monochromized radiation – peaks were
calibrated with C1s peak at 284.8 eV and fitting of the peaks was
performed in Multipak software. The crystal structure was investi-
gated by X-ray diffraction analysis (XRD, X’pert Philips PMD with
a Panalytical X’celerator detector) using graphite-monochromatized
CuKα radiation (λ = 1.54056 Å).
In order to further investigate the effect of crystallinity on compact
anodic oxides properties, another set of similar samples was produced
and annealing was carried out in Jipelec JetFirst100 RTA at 450◦C for
1 h, with a heating and a cooling rate of 30◦C/min.
Oxides photoactivity.— Functional characterization of the oxides
included the evaluation of both photocurrent production and dye
degradation efficiency. Photocurrents were measured under illumina-
tion with an ORIEL UV/Vis monochromatic lamp, and samples were
immersed in 0.1 M Na2SO4 electrolyte in a three-electrode setup (Pt
as counter electrode, Ag/AgCl in 3 M KCl solution as reference elec-
trode). An external potential of 0.5 V was applied by means of a Jaissle
IMP 88 PC power source and a dark-light-dark profile (10 s-20 s-10 s)
was set. Photodegradation efficiency was tested under monochromatic
illumination at 325 nm by means of a He-Cd Kimmon IK3552R-G
LASER with a measured power density of 60 mWcm−2. Samples
were immersed in 2.5 × 10−5 M solution of AO7 (Acid Orange 7,
C16H11N2NaO4S, molecular weight: 350.32 g/mol, Sigma Aldrich),
with magnetic stirring at 300 s−1: dye concentration was measured
every 20 minutes by a UV/Vis Perkin Elmer Lambda XLS+ machine,
and evaluated by the percent variation of intensity of the absorbance
peak at 485 nm.
Results and Discussion
Oxides production and morphology.— To investigate the differ-
ence of anodizing conditions on the growth and morphology of com-
pact oxides, anodic oxidation was performed in 1 M H2SO4 or 1 M
H3PO4 electrolyte; different voltages were evaluated: 20, 50 and 90
V: 1M H2SO4 (S1 – 20 V, S2 – 50 V, S3 – 90 V) or 1 M H3PO4
(P1 –20 V, P2 – 50 V, P3 – 90 V). All compact oxides were grown
under these conditions on the as delivered foil. A preliminary analysis
also took in consideration sulfate and phosphate salts with same mo-
larity, 1M (NH4)2SO4 and 1M NH4H2PO4: yet, lower uniformity of
anodizing was obtained as compared with similar layers obtained in
acid solution, therefore neutral solutions were discarded (results not
shown).
When anodizing under above conditions, Ti foil results macroscop-
ically in a compact oxide morphology, except for when the oxidation
process is performed at 90 V in 1 M H2SO4 electrolyte (S3) – see S3
in Fig. 1a (top-view SEM images of layers grown at 20 V, S1 and P1,
are not shown). The occurrence of this specific porous morphology
observed for S3 is related to dielectric breakdown which is charac-
terized by current spikes in the I-t curves registered during oxide
growth. The current spikes are related to a sudden release of electric
energy in the form of sparks (Fig. 1b)24,26 i.e. anodic spark deposition
(ASD) conditions are established. Except for samples showing di-
electric breakdown, I-t curves registered during anodizing in sulfuric
medium appear coherent with literature.40
Further, the titanium substrate was subjected to a surface pre-
treatment, grinding and polishing (referred to as mechanical polishing
– pol.), and anodic oxidation was performed at 50 V and 90 V in 1 M
H2SO4 (S4 and S5) or 1 M H3PO4 (P4 and P5), respectively. It has to
be pointed out that the substrate pre-treatment ensures the removal of
the pre-existing native oxide layer and reduces the breakdown effect
as the breakdown spot density is visibly lower in SEM images (see
Fig. 1a S5 compared to S3). This is further confirmed by the less
intense current spikes in the I-t curve of the S5 sample. Additionally,
the reported curves for polished substrates (see Figs. 1b and 1d) show
clearly higher currents in the first anodizing period when ASD has
not yet started; this can be due to the absence of a resistive native
oxide layer and to a slight shift in the breakdown potential (Eb) (the
shift may be related to the grain orientation of the substrate).18,41 In
fact, current spikes are also detected for sample P5 (90 V on polished
Ti) but no breakdown occurs in the system until more than 60 V are
applied, and even above this threshold the spikes have very low in-
tensity. Thus, this may suggest that actual breakdown has not been
fully achieved and it is coherent with the breakdown potential val-
ues reported in literature.42,43 On the other hand, surface morphology
still presents craters typical of ASD hence pointing out that internal
stresses arising during oxide growth at high voltage are the main cause
for the local cracking and regrowth of TiO2 related to the low inten-
sity spikes. Overall, for anodic oxides grown in phosphoric medium,
no breakdown behavior has been observed even at 90 V, probably
due to the higher breakdown voltage reported for this electrolyte in
literature.24
Oxides structure and composition.— As a consequence of the dif-
ferences observed in the anodizing process, significant variations are
observed in the crystallography of compact oxides anodized at higher
voltages. In fact, no crystalline oxide peaks are detected on anodic
TiO2 produced in 1 M H3PO4 on either as delivered foil or polished,
thus indicating that the layers are completely amorphous, coherently
with the low energy absorbed by the process and the absence of spark-
ing. However, anatase peaks (at 25.4◦) are detected by XRD on the
layers grown in sulfuric acid electrolyte (Fig. 2c) at high voltage (90 V)
for both untreated Ti foil35,39 and polished substrate. For the latter, the
higher quantity of energy required during anodizing (as proved by
the higher currents circulated in the cell, Fig. 1d) and the orientation
of substrate grains can enhance amorphous-to-crystalline (anatase)
transition.18,42 To confirm the presence of a crystal phase by XRD,
three corresponding peaks were considered.44 For both 90V samples,
S3 and S5, besides the main anatase peak at 25.4◦ several other anatase
peaks were detected at 48.2◦, 54.2◦ and 55.2◦ but with accordingly
lower intensities. In fact, the combination of high voltage, high current
and surface pre-treatment of the sample leads to a higher amount of
anatase crystals in S5 sample (polished Ti substrate, anodized at 90
V) as it shows a more pronounced anatase peak at 25.4◦ in the XRD
pattern (see inset in Fig. 2c). No anatase crystal peaks were detected
on the as-grown compact oxide obtained at 20 V in both electrolytes
(data not shown).
To ensure a good evaluation of the thickness of compact oxide
layers, oxide thicknesses were computed from reflectance spectra (see
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Figure 1. a) SEM images of compact oxide layers grown on as delivered (untreated) Ti foil and polished (pol.) at 50 V and 90 V in 1 M H2SO4 or 1 M H3PO4.
Current profiles for compact layers grown on untreated foil in: b) H2SO4 at 20 V (S1), 50 V (S2) and 90 V (S3), c) H3PO4 at 20 V (P1), 50 V (P2) and 90 V (P3).
Current profiles for compact layers grown on polished foil in: d) H2SO4 at 50 V (S4) and 90 V (S5), e) H3PO4 at 50 V (P4) and 90 V (P5).
Fig. 2a).39 Layers present a quasi-linear trend of thickness as a function
of voltage (on as delivered Ti) that is coherent with trends presented
in literature, although anodizing ratios appear different (≈2.6 nm/V
in sulfuric acid and ≈2.4 nm/V in phosphoric acid). This may be
ascribed to the difference in anodizing conditions, as most literature
data refer to galvanostatic anodizing. The resulting oxide thickness is
always lower if the anodic process is performed on pre-treated (pol.)
substrates. Still, it is interesting to note that a more precise thickness
estimation is possible on polished samples due to a better homogeneity
of the oxide on the whole substrate surface. Consequently, reflectance
peaks and valleys are deeper and the related maxima and minima are
easier to distinguish, thus giving an optimal repeatability of the oxide
thickness estimation on different peaks.
Further, we corroborated the thickness data from reflectance spec-
tra with that from SEM cross-section images. Fig. 3 presents the
cross-section images for selected samples (20, 50 and 90 V on Ti foil
in both electrolytes - S1, S2, S3 and P1, P2, P3) and there is a good
correlation between the two methods. However a small difference can
be observed due to two reasons: first, the layer thickness is not uniform
and secondly, the porosity due to sparking. For the layer thickness’s
uniformity, for example for S1, from cross-section we observe a layer
thickness of 78 nm ± 10 nm, while the thickness estimated from
reflectance spectra is 85 nm. For thicker layers, obtained at higher
applied voltages (90 V, S3 and P3), this difference becomes more pro-
nounced as values of ≈242 nm ± 44 nm and ≈227 nm ± 28 nm are
observed from SEM cross-sections images, respectively. Secondly,
especially when sparking occurs (i.e. 90 V in sulfuric acid – see S3),
the difference between the two methods of measuring the thickness
is also due to the porosity formed as a result of sparking. Finally,
for all voltages the presence of bubbles inside the layer is observed,
ascribed by Habazaki et al.18 to gas bubbles (O2) occluded in the ox-
ide. Further research by Mazzarolo et al.40 has shown that in the case
of Ti, the amorphous to crystalline transition triggers an additional
generation of oxygen bubbles in the oxide. More specifically, for the
90 V oxide grown in sulfuric acid (S3) the anodic layer is composed
of two different layers: a ≈120 nm thick upper-layer in contact with
the electrolyte, having a “smooth” appearance and porosity typical
of sparking, and an inner layer (in contact with the metal substrate)
where occlusion of gas bubbles is observed (inside the inner layer
and also at the interface with the metal). Overall, the trend for layer
thicknesses observed from SEM is consistent with that estimated from
reflectance data, namely compact anodic layers grown in sulfuric acid
have a slightly higher thickness (increased by ≈15–20 nm) compared
to phosphoric acid. It is worth pointing out that for polished sub-
strates mechanically cracking the sample is not viable and accurate
SEM cross-section data cannot be measured just by scratching the
samples, as the oxide layer breaks off due to the occlusion of gas
bubbles.
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Figure 2. a) Thickness of the anodic compact oxides as a function of the applied voltage computed from reflectance spectra; b) Ion incorporation from the
electrolyte computed from XPS measurements: S (left side) and P (right side) at.%; XRD plots of compact oxides (inset: higher magnification) grown in c) H2SO4
or d) H3PO4 (A – anatase and T – titanium, from the substrate).
Besides the negligible difference in the anodizing ratio for oxides
grown in sulfuric or phosphoric electrolytes, incorporation of ions
was found to strongly characterize the grown layers (see Fig. 2b).
As a matter of fact, phosphate ions (P) content within the layers was
evaluated to ≈ 4 at.%, with a slight decrease to ≈ 3.25 at.% for pol-
ished (pol.) samples (P4, P5), whereas incorporation of sulfate (S)
ions is, in all cases, between 0.5–1 at.%. The amount of incorpo-
rated ions is almost invariant with the applied voltage, as reported
in literature for both TiO224 and anodic oxides grown on other valve
metals.45
Oxides photoactivity.— In order to evaluate photoelectrochemical
properties, photocurrent spectra (Figs. 4a and 4c) were acquired in
0.1 M Na2SO4 electrolyte. For evaluating the photocatalytic proper-
ties, efficiency trends for photodegradation of AO7 (Figs. 4b and 4d)
were measured. IPCE (Incident Photon-to-Current Efficiency) plots
and efficiency in AO7 photodegradation of the compact oxide layers
clearly show that the behavior of anodic TiO2 is strongly influenced
by the electrolyte used and by the voltage applied during anodizing
(Fig. 4). In fact, oxide layers grown at 20 V or 50 V, independently of
the electrolyte (samples S1, S2, P1 and P2), have similar efficiencies
in both applications, i.e. having a maximum IPCE between 0.3–0.9%
(although in literature IPCE of ≈4% for as-grown 20 V compact layers
in ammonium sulfate electrolyte are reported30) and photodegradation
rates between 0.012–0.017 h−1. Different behaviors are noticed for the
samples produced at 90 V (samples S3 and P3): the oxide grown in
H2SO4 is more active (S3 – IPCE: 6.6 %; DD: 0.086 h−1) than the
one in H3PO4 (P3), and the efficiency of P3 is coherent with low volt-
age compact oxides. The higher photoactivity for S3 can be ascribed
to the presence of anatase crystals, which are not present in P3. A
similar conclusion can be drawn for the oxides grown on polished
substrates at high voltages (90 V), which are highly active if anodiz-
ing is carried out in sulfuric acid (mainly due to the higher content of
anatase crystals), whereas the oxide layer obtained in phosphoric acid
has low activity. Additionally, the highest efficiencies for as-grown
compact oxides in both IPCE and dye decomposition are obtained by
S5 (anodized at 90 V in H2SO4, on polished substrate) which also
showed the most pronounced main anatase peak. It follows that for
the as-grown investigated compact layers, the key factor ruling their
photoactivity is the crystallinity degree, particularly the presence of
anatase crystals.46 In this scenario, the electrolyte used during oxide
growth strongly influences the performance of the layer, due to the for-
mation of partially crystalline or amorphous oxide during the anodic
process (at high voltage). In the case of phosphoric acid, its efficiency
can be correlated with the low content of anatase phase – owing to
a delayed oxide crystallization in presence of such a large quantity
of phosphate ions that constitute an obstacle to short and long range
ordering.24,47
To further investigate the influence of crystallinity on IPCE and
dye decomposition, compact oxides obtained in both sulfuric (S1-
S5) and phosphoric (P1-P5) acids were subjected to a post-annealing
treatment (at 450◦C for 1 h) to ensure conversion to anatase. The
thicknesses of the annealed compact oxide layers were computed
from reflectance spectra and an increase in the average thickness is
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Figure 3. SEM cross-section images of compact oxides grown in H2SO4 at
20 V (S1), 50 V (S2), 90 V (S3) and in H3PO4 at 20 V (P1), 50 V (P2), 90 V
(P3).
observed (Figs. 5a and 5b). This is due to formation of a thermal
rutile oxide layer at the compact oxide / metal interface, as indicated
in Figs. 5c and 5d which compares the SEM cross-sections of the
90 V as-grown compact layer (S3) with the annealed one (S3-Ann).
After annealing, the presence of an intermediate layer between the
metallic substrate and the anodic oxide (inner layer containing also gas
bubbles) is observed. For the as-grown layer, the oxide / metal interface
is easy to follow, due to the metal substrate and to the presence of
bubbles inside the layer.18 It is well known that during annealing
(thermal oxidation) of just a plain Ti substrate, thin rutile thermal
oxide layers are obtained.48–50 The rutile thermal layer grows from
the titanium substrate50 and augments the existing thickness of the
compact oxide layer, and further anatase to rutile conversion inside
the oxide layer takes place. This intermediate thermal layer observed
by SEM (≈80 nm) corroborates the increase in thickness observed
by spectrophotometry in Fig. 5a. No change was observed in the top
morphology of the compact layers as a result of annealing, as indicated
for S3 in the high-magnification top view images in Figs. 5c and 5d. In
addition, the thermal oxide layers obtained under similar conditions
on nanostructured TiO2 layers50 are much thicker than those obtained
on plain Ti.50–52
Furthermore, the content of incorporated ions was examined by
XPS and similar values as before annealing were obtained, although a
slight decrease is observed (S ≈0.5 at.% while P ≈3 at.% – see Fig. 6a).
An exception is the oxide grown on polished substrate at 90 V, that
shows higher incorporated ions contents after annealing, with S con-
tent of ≈1.0 at.% and P content of ≈5.7 at.%. Next, XRD spectra
were measured in the 20–80 angular range and Fig. 6b and 6c list only
the 22–30 angular range indicating both anatase and rutile main peaks
Figure 4. IPCE plots of anodic compact layers grown in a) H2SO4 or b) H3PO4. Dye degradation kinetics (AO7) for as-grown anodic compact layers obtained in
c) H2SO4 or d) H3PO4.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.175.55.34Downloaded on 2016-01-14 to IP 
H124 Journal of The Electrochemical Society, 163 (2) H119-H127 (2016)
Figure 5. Influence of annealing on thickness, computed from reflectance
spectra, for selected compact oxides (50 V and 90 V on untreated or polished
foil): a) H2SO4 or b) H3PO4. SEM cross-section images of annealing effect
on compact oxides grown at 90 V in sulfuric acid: c) as-grown layer (S3), and
d) annealed layer (S3-Ann).
(independently of the electrolyte used during oxide growth) and their
intensities are higher for oxides produced at high voltage (90 V). For
both anatase and rutile, also the corresponding lower intensities peaks
were recorded i.e at 48.2◦, 54.2◦ and 55.2◦ for anatase, and at 36.1◦,
41.0◦ and 54.3◦ for rutile.
Concerning the annealed oxides grown in sulfuric acid at 20 or 50
V (Figs. 7a and 7c), generally performances (IPCE and dye decom-
position) are similar to those of the 90 V oxide (S3), both before and
after annealing, further confirming the key role of crystal structure
on TiO2 photoactivity. Furthermore, efficiency values for annealed 20
V compact oxides are in accordance with literature data for compact
layers with at least similar annealing temperature (450◦C),30,31,34 i.e.
IPCE values of ≈8%30 and AO7 dye decomposition photodegradation
rates of ≈0.08 h−1.34
On the other hand, compact oxides grown on polished substrates
in sulfuric acid show the highest performances in both applications,
with the maximum IPCE value of the current work of 15.3% and
a photodegradation rate of ≈0.21 h−1. However, the annealed 90 V
compact oxide grown on polished substrate shows the highest IPCE,
while the highest photodegradation rate is for that at 50 V. This unex-
pected result could be related to the different anatase to rutile ratios
of the two oxides: in fact, on the 50 V oxide the rutile content appears
slightly higher, which in this case seems to favor dye photodegra-
dation. Furthermore, analogously to oxides grown in H2SO4 on as
delivered foil, annealing improves the performance of oxides grown
Figure 6. a) Ion incorporation from the electrolyte in the annealed layers
computed from XPS measurements: S (left side) and P (right side) at.%; XRD
plots of the 22–30 angular range for annealed compact oxides obtained in b)
H2SO4 or c) H3PO4 (A – anatase and R – rutile).
on polished substrates in both IPCE (as shown in Fig. 7a, indicating
also as reference line the P5 sample – as-grown pol. 90 V compact
oxide layer) and photodegradation rates (Fig. 7c). Photodegradation
rates for selected as-grown and annealed compact oxides are listed in
Table II.
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Figure 7. IPCE plots of annealed compact layers grown in a) H2SO4 or b) H3PO4. Dye degradation kinetics (AO7) for annealed anodic compact layers obtained
in c) H2SO4 or d) H3PO4.
Oxides obtained in H3PO4 show a different behavior with respect
to what we previously described for H2SO4. In fact, despite the pres-
ence of anatase crystals after annealing, performances are visibly
lower with a max. IPCE of ≈5 % and photodegradation rates below
0.08 h−1 (Fig. 7, Table II). Due to the similar morphology and crystal
structure, the difference in efficiency can be related to the incorpo-
rated ions, showing a direct negative effect on PO43− inclusions on
TiO2 photocatalytic properties. Focusing on the photocurrent spec-
tra, it seems that after annealing, the most important ruling factors in
determining oxides activity are annealing, followed by applied volt-
age. Namely, the 50 V compact oxide is more active than the 90 V,
independent of the Ti substrate (as delivered or polished foil). On
the other hand, analysis of the photodegradation kinetics shows that
the pre-treatment has a higher influence on the material performance
Table II. Photodegradation rates for selected as-grown and
annealed compact oxide layers.
K – photodegradation rate
Sample 1 M H2SO4 1 M H3PO4
50 V (S2/P2) 0.0168 h−1 0.0162 h−1
90 V (S3/P3) 0.0858 h−1 0.0140 h−1
pol. 50 V (S4/P4) 0.0539 h−1 0.0063 h−1
pol. 90 V (S5/P5) 0.1158 h−1 0.0044 h−1
50 V annealed (S2-Ann/P2-Ann) 0.1062 h−1 0.0454 h−1
90 V annealed (S3-Ann/P3-Ann) 0.1572 h−1 0.0780 h−1
pol. 50 V annealed (S4-Ann/P4-Ann) 0.2101 h−1 0.0226 h−1
pol. 90 V annealed (S5-Ann/P5-Ann) 0.1662 h−1 0.0111 h−1
(Fig. 7d); yet, these effects are observed on extremely low activities,
therefore such differences are less relevant.
Considerations.— From the presented results it is possible to draw
some considerations on the effects of anodizing parameters on the
photoefficiency of anodic oxides, starting with the important role of
the applied voltage for as-grown oxides: the higher the voltage, the
higher the oxide crystallinity and therefore its activity. However, this
rule is lost when as-grown oxides are annealed, since the extra energy
required for the oxides to crystallize is now provided thermally instead
of electrochemically. From this point of view, it is also important to
observe how the energy absorbed in the process influences the final
efficiencies of oxides prior to annealing. As a matter of fact, when
the substrate is polished, a higher current is required to reach a given
voltage compared to the untreated substrate, and this leads to a larger
crystallization extent and to a higher photoactivity in spite of a slightly
lower oxide thickness.
Considering now the role of annealing, in photocurrent measure-
ments it is crucial to consider the effect of the rutile thermal layer,
responsible for the increase in layer thickness (indicated in the SEM
cross-section of the annealed oxide grown at 90 V in sulfuric acid,
reported in Fig. 5d). Such layers can act as a limiting factor in terms of
charge mobility, and thus compact oxide layers grow on as delivered
foil at 20, 50 or 90 V have, after annealing (S1-Ann, S2-Ann, S3-
Ann), similar IPCE trends. On the other hand, photodegradation does
not seem to be affected by this intermediate layer, reasonably because
such a layer does not come into contact with the outer environment,
where photodegradation reactions take place: therefore. Hence, for
photodegradation only the beneficial effect of increased crystallinity
appears and leads to a higher efficiency after annealing.
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Finally, it is evident that P inclusions cause a reduction of the
photocurrent and dye decomposition of TiO2. Moreover, incorpora-
tion of ions could have a direct effect on photo-induced phenomena
in anodic TiO2 especially considering the peculiar trends observed in
the two different processes. i.e. samples anodized in phosphates at 50
V and further annealed showed relatively high IPCE, 4.4%, while all
annealed layers show very low photodegradation kinetics with rates
of 0.01–0.08h−1. Therefore, it is possible to state that the inclusion of
PO43− ions has a negative effect, and avoiding phosphates containing
solutions as electrolytes for compact anodic TiO2 represents a good
strategy in order to produce high performance anodic compact oxide
films. Furthermore, for sulfates based electrolytes, higher efficiencies
can be obtained with an optimal combination of high-voltage anodiz-
ing (e.g. 90 V), substrate pre-treatment and annealing treatment.
Conclusions
The present results highlight the importance of anodic oxidation
conditions alongside surface pre-treatment and annealing to enhance
the photo(electro)chemical properties of TiO2 compact oxide layers,
in particular for photocurrent generation and photocatalytic dye de-
composition. Results clearly indicate the importance of electrolyte
and applied voltage in determining the occurrence of anodic spark
deposition conditions and oxide crystallization, which improves the
photocatalytic properties. Additionally, substrate’s polishing further
increases crystallinity when performing anodic oxidation in sulfuric
acid at high voltage. The presence of crystallinity in as-grown oxides is
strongly related to the electrolyte used, as in phosphoric acid no crys-
talline oxide phase was detected, as a consequence of the breakdown
(and therefore crystallization) delay caused by the large presence of
phosphate ions. This contrasts with the lower atomic percentage of
sulfur identified in the oxide, which guarantees an easier ordering and
consequent crystallization.
As expected, annealing increased the layers crystallinity, indepen-
dent of the electrolyte used in anodizing, and leads to the formation
of both anatase and rutile phases. However, annealing also causes the
formation of a rutile layer at the compact oxide / metal interface which
has an influence on the photocurrent response, as it decreases charge
carriers transport efficiency by forming a further interface before the
collecting substrate. Conversely, thermal annealing still ensures an
improvement of the photocatalytic performance in terms of dye degra-
dation, where the oxide surface morphology and overall crystallinity
are the ruling parameters in determining its efficiency. These results
elucidate a number of critical parameters in designing compact anodic
oxide layers for enhancing their photocatalytic properties.
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